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Lift  ccK’fficient 
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Impeller  es.it  reterence  slynamic  pressure 
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ABSTRACT 


The  static  charactenstics  of  a circulation  control  (CO  fan 
were  determined  to  demonstrate  the  feasibility  of  the  CC  concept 
as  a means  of  meeting  the  lift  system  requirements  of  a large, 
open  ocean  capable,  surface  effect  ship  (SES).  These  requirements 
being  variable  performance,  at  constant  RPM,  of  sufficient  range 
to  provide  for  heave  alleviation  when  operating  at  high  speeds  m 
advanced  sea-states.  The  scope  of  the  program  included  two 
solidity  ratios  within  the  model  centrifugal  impeller  and,  in  effect, 
two  volutes.  The  better  performing  combination  of  these 
variations  was  the  low  solidity  (o  = 0.65)  impeller  mated  with  a 
reduced  internal  volume  volute.  This  fan  demonstrated  a flow 
rate  increase  of  100  percent  over  that  achieved  at  the  design 
point,  through  increasing  the  flow  of  control  air,  while 
maintaining  a constant  head  rise.  The  peak  efficiency  of  this 
combination  was  S3  percent.  From  this  peak  efficiency,  achieved 
with  a moderate  amount  of  control  air,  the  efficiency  dropped  to 
a low  of  65  percent  when  operating  with  a maximum  flow  of 
control  air.  It  is  shown  that  the  most  likely  demands  of  the  heave 
alleviation  system  would  allow  for  the  fan  to  operate  at  the 
highest  efficiency  possible  for  the  flow  rate  required. 

The  high  solidity  to  = 1.3)  impeller  was  found  to  produce  an 
increase  in  flow  rate  of  50  percent  over  that  achieved  at  the 
design  point,  through  increased  control  air,  and  did  not  achieve 
as  high  an  efficiency  as  that  of  the  lower  solidity  configuration. 


ADMINISTRATIVE  INFORMATION 

I'he  work  reported  here  was  authorized  by  the  Surface  Effect  Ship  Project  Office 
(PMS-304)  of  the  Naval  Sea  Systems  Tommand.  F-’unding  was  provided  under  Task  Area 
S-4620,  Program  I'dement  ()3534N.  Work  Unit  1-1630-028. 

INTRODUCTION 

I he  concept  of  a circulation  control  (C'O  Ian  is  under  development  to  meet  the  lift  and 
habitability  requirements  ol  a large,  open  ocean  capable,  surface  effect  ship  (SES).  ('irculation 
control  technology  has  been  underway  at  the  l.'‘avid  W laylor  Naval  Ship  Research  and 
iX-velopment  Center  (DINSRDC)  for  some  years  now  and  recently  culminated  in  the  awarding 
of  a contract  to  utilize  this  concept  in  constructing  the  full-scale  prototype  of  a helicopter. 

The  features  that  make  this  approach  promising  for  helicopter  application,  i.e.,  simplicity  of 
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opiT.ilion  .iiul  i.tpul  rosponso.  .ippc.it  0(|u.illy  promisinj:  lor  meeting  the  lilt  system  re(|mrc- 
menls  ol  ihc  S1:S 


I he  h.isii  ('(  .iirloil*  employs  n jel  ot  .lir  hlovving  t;mf’enti;illy  to  the  iiirloil  siirliiee  ne.ir 
the  Ir.iilm^;  etlye  With  ,i  properly  sluipeil  .iiul  nniiuleil  trailing  edge,  this  jet  will  st.iv  altaelieil 
to  the  siirl.iie  hev..iiise  ol  llie  ( oanda  elleet  Varying  the  How  ol  this  let  will  produee  hit 
amphik .ition.  .is  shown  in  Hgure  I.  The  ('('  Ian  studied  here  is  simply  a eentriliigal  l.in 
emphning  ,i  eas^.ule  ol  siieh  airloils;  the  concept  is  illustrated  in  F igure  2.  Note  that  the 
control  .iir  p.isses  through  the  hollow  shatt,  through  passages  cut  m the  impeller  base,  into 
indi\idii,il  plenums  in  each  hhuie,  and  out  through  a slot  m the  blade  trailing  edge  Modulating 
the  How  ol  control  air  to  these  blades  will,  m turn,  vary  the  Ian  output  such  th.it  a nearly 
const, mt  head  rise  c.in  be  maint, lined  m .ictu.il  SI  S .ipplic.ilion  lor  ,i  large  r.inge  ol  How  r.ites 
yyithout  ch.ingmg  rpm  1 his  would  make  it  [lossible  to  m.iiiit.iin  he.ive  .icceler.ition  yyithin 

limits  th.it  yyoiild  not  iletr.ict  Irom  the  perlormance  ol  creyy  aiul  ei|uipmenl 

I he  operalional  environment  ol  the  SlvS  is  such  th.it  provisions  must  he  m.ide  to  meet 
h.ibit.ibihty  limits  during  high-speed  operations  oyer  rough  se.is,  I he  convention.il  long- 
diir.ilion  h.ihit.ibilily  limit  in  heave  acceleration  is  0, 10  g,  but  th.it  level  can  be  exceeded  tor 
short  periods.  In  current  SI  S-type  vehicles,  the  .iccelcration  m.igmtuiles  .ire  controlled  by 
he.ive  .it tenu.itors  which  simidy  expel  overbo.inl  .my  excess  .iir  in  the  cushion  F igure  .V 
shows  .1  typic.il  condition  tor  .i  large  sc.de  SF.S  .uul  iiulic.ites  the  0 10-  and  0.20-g  oper.ition.il 
limits  .IS  ,1  lunction  ol  sea  stale  aiul  crall  velocity.'  In  order  to  meet  these  limits,  the  Ian 

back  pressure  must  be  m.unl.iined  in  ,i  r.mge  Irom  ♦ 10  to  20  percent  ol  the  nomm.il 

oper.itmg  pressure  It  r-  bclieyed  that  these  dem.mds  .an  be  met  i|mlc  ellicienlly  \yilh  ,i  lilt 
system  yvhich  incorporates  the  ('(  Ian  F he  lest  .itui  dal.i  to  be  discussed  here  represent  the 
tirsi  steps  111  demonstr.ilmg  lh.it  s.ip.ibility  I his  lirst  ph.ise  is  me.mt  only  to  demonsir.ite 
teasibihty  .md  not  the  ullim.ile  perlorm.mce  th.il  i.m  be  .khieved  Irom  .i  ( ( l.m  system 

FAN  DESIGN 

I he  prim.iry  lonsuler.ilion  lor  this  lirst-gener.iiion,  centrilug.il-ly  pe,  ( ( l.m  yy.is  simplicity 
ot  design  lor  e.ise  ol  l.ibris.ilion  l .m  dimensions  y\cre  governed  by  the  l.m  test  l.icihly  to  be 
used  .ind  the  .ly.iil.ibihty  ol  .m  existing  volute  yyhich  h.id  been  employed  in  .i  recent  lest  ol  ,i 
sc.ile  model  ol  the  lOOH  SI  S lilt  l.m 


•Kcpoiicil  iiiloiirially  by  K.J  1 nglai  in  NSRDC  Icclinical  Note  AI.-201  (May  H)72). 

' l.iisthiT.  W I’  et  al..  ".I  Simlv  <>/  Charm  ri  rislirs  oj  I iji  l iw\  for  Siirlucc  I ffccl  " Al  KC  Report 
( Apr  H>7H 
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The  specific  speed  range  for  a centrifugal  fan  suitable  for  application  to  a large  size  SF  S 
IS  considered  to  be  1 50  < < 200.  A specific  diameter  range  of  0 95  < < 1,1  is  found 

to  offer  the  best  efficiency  for  a specific  speed  of  170.  The  head  nse  required  at  the  design 
point  for  a large  size  SES  would  be  on  the  order  of  300  psf  (14.7  KPa).  These  restrictions, 
along  with  those  associated  with  CT  reejuirements  - such  as  suitable  ratios  for  trailing  edge 
radius-tivblade  chord  and  slot  height-to-trailing  edge  radius  were  provided  to  Dr.  (T  Wislicenus* 
who  subsequently  produced  the  design  shown  in  Figure  4.  Some  modifications,  pertinent  to 
the  neeils  ol  circulation  control,  were  made  to  this  design. 

■Since  the  (T  concept  depends  on  boundary-layer  control,  it  is  extremely  important  for 
satisfactory  and  efficient  performance  that  the  flow  remain  attached  on  the  impeller  blades 
Ihe  geometrical  reijuirements  for  the  centrifugal  fan  application  leads  to  a blade  section 
profile  dissimilar  to  those  that  form  the  experimental  technology  base  of  the  concept.  lo 
ensure  that  the  present  blade  design  would  perform  as  expected,  it  was  decided  to  investigate 
the  fan  fiow  field  by  using  the  best  theoretical  tools  available.  A group  of  computer  programs 
was  obtained  from  NASA  Lewis  Research  ( enter  for  this  purpose.  When  used  collectively, 
these  programs  can  predict  the  fan  internal  flow  field  for  a given  set  of  fan  operating 
conditions  within  the  assumptions  of  an  inviscid  ideal  fluid  Blade  surface  velocity  profiles 
similar  to  those  shown  in  Figure  5 can  be  obtained  as  part  of  the  problem  solution. 

Several  blade  section  modifications  were  made  based  on  the  results  of  this  theoretical 
study:  ( I ) the  leading  edge  radius  of  the  blade  was  increased  to  reduce  velocit>  gradients  in 
this  area  and  lessen  the  possibilitv  of  leading  edge  How  sep.ir.ition,  (2)  the  suction  side 
thickness  distribution  was  modified  slightly  to  reduce  an  adverse  velocity  gr.idient  in  the 
vicinity  of  the  slot  location,  and  (3)  the  location  of  the  slot  was  based  on  the  theoretically 
predicted  velocity  profiles.  The  modifications  made  to  the  blade  design  are  shown  in 
I'lgure  ()  as  dashed  lines.  The  most  effective  jet  turning  for  minimum  power  was  obtained 
with  the  slot  located  just  aft  of  the  minimum  pressure  point  on  the  alt  suction  side  ot  the 
blade  The  slot  was  located  at  97-pcrcent  chord  based  on  the  theoretical  predictions  discussed 
above.  With  these  modifications,  the  fan  of  F-'igure  4 was  suhiected  to  detailed  design  and 
fabrication  at  DTN.SRDC  F'igure  7 shows  Ihe  finished  product  mounted  in  the  DINSRDC 
Ian  test  facility  prior  lo  being  encased  in  the  volute. 


•Recently  retired  as  Mead  of  Ihe  Deparlmenl  ol  Aeronautical  I nginccring  and  Ihe  Water  Tunnel  of  Ihe 
Applied  Research  laboratory  at  Ihe  Pennsylvania  State  University. 
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PROCEDURES  AND  RESULTS 


TEST  FACILITY 

The  basic  tcafiires  of  the  DTNSRDC  fan  test  facility  arc  illustrated  in  Figure  X.  Ihe 
X6()-ft'  plenum  is  positioned  above  the  test  section  of  the  X-  x lO-ft  subsonic  wind  tunnel. 

The  fan  itself  is  enclosed  within  the  plenum,  and  the  fan  inlet  is  open  to  the  tunnel  below 
Flow  rate  and  heail  rise  are  determined  through  pressure  and  temperature  measurements  at 
the  fan  inlet  and  tlie  exhaust  portion  of  the  volute  (Stations  3 and  4.  respectively). 

Ihe  orifice  plate,  located  downstream  of  the  30-in. -diameter  discharge  valve,  was  used 
only  as  a check  on  the  mass  flow  calculations  as  determined  at  the  fan  inlet  and  exhaust. 

(For  most  of  the  test  program,  the  orifice  plates  were  not  m place.)  Under  normal  operation 
the  supplement.iry  air  supply  valve  is  closed  and  Ian  back  pressure  is  varied  by  seciuencmg  the 
discharge  valve  m small  increments  from  fully  open  to  fully  closed.  Tlie  supplementary  air 
supply  is  used  only  to  simulate  back  How  through  the  fan.  Control  air  lor  the  individual  Ian 
blades  is  provided  through  a hollow  shaft,  rotating  with  its  base  protruding  into  the  control 
air  plenum  (Frigure  7b).  and  passages  drilled  in  the  impeller  base  leading  to  each  of  the  blades. 
The  usual  test  seipience  called  for  establishing  fan  rpm  and  control  air  How  rate  and  for 
monitoring  both  static  and  total  pressure  and  temperature  at  the  Ian  inlet  and  exhaust,  along 
with  fan  toniue.  at  each  of  the  exhaust  valve  settings. 

DESIGN  CONSIDERATIONS 

The  original  design  point  lor  the  CC  tan  was  aimed  at  meeting  the  following  re(|uirements 
a head  rise  of  300  psf  ( 14.4  KPa)  and,  at  this  scale,  a How  rate  of  2(>0  cfs  ("'.X  m’  s)  at 
5300  rpm  Ihe  cost  lor  design  .iiul  fabrication  of  a Ian  cap.ible  of  operating  at  that  speed 
was  so  high  th.it  it  was  considered  lustifiable  to  establish  a less  severe  performance  goal 
inasmuch  as  the  test  ohiective  was  merely  to  demonstrate  concept  feasibility.  With  operating 
speed  restneted  to  4000  rpm.  the  fan  could  be  fabricated  by  using  conventional  machining 
methods  and  without  the  need  for  composite  materials  as  reijuired  for  a higher  pertorm.mce 
machine  Other  considerations,  such  as  the  available  How  rate  of  control  .lii  ,md  vibration 
in  the  ilrive  belt  at  high  torejue,  led  to  conducting  most  ol  the  test  at  2200  rpm. 


4 


CC  FAN  WITH  ORIGINAL  VOLUTE 


Lipure  shows  the  head/flow  characteristics  obtained  at  2200  rpm.  ( I he  head 
coetl'icient  and  efficiency  of  F-'igure  0 and  all  subsequent  figures  are  based  on  total  pressure  ! 

It  indicates  the  significant  range  in  performance  that  is  possible  through  increased  control  air 
blowiin;  I he  starred  symbol  represents  the  design  point  to  he  attained  without  blowing  As 
imlicated.  the  actual  perlt>rmance  without  blowing  was  lust  under  this  point  I he  dillerence 
betwein  goal  .md  achievement  may  be  attributable  to  the  fan  volute  used  in  this  test  I he 
onginal  volute  was  too  large  for  the  size  and  specific  speed  ol  the  ( ( impeller,  hut  this 
handicip  was  felt  to  be  acceptable  since  the  objective  of  this  phase  was  simply  a proot-of- 
concept  for  the  (T  approach  However,  a number  of  features  in  the  data  can  be  .ittribiited 
to  this  mismatch,  f irst  and  loremost  is  that  related  to  Ian  etliciencv  I he  m.ixiimim  etiicieius 
acliieved  at  2201)  rpm  was  less  th.m  ’’()  percent,  lo  check  whether  the  oversi/ed  volute  would 
contribute  to  considerable  recirculation  within  it.  tults  weie  taped  along  the  inside  walls  ol 
volute  iiul  observed  during  fan  operation  see  figure  10  1 he  view  m f igure  Ida  is  looking 

down  through  (he  exh.iust  opening  of  (lie  volute  with  no  Jlow  I lie  iint'eller  is  to  the  upper 
lett  ol  the  opening  and  the  inside  contour  ol  the  bellmoutli.  leading  to  the  inlet,  is  seen  to 
the  riglit.  lults  were  attached  to  the  bellmoutli.  along  the  walls  ot  the  volute,  and  just  above 
tlie  ‘’cutwater"  or  tongue  ot  the  volute,  f igure  lOb  shows  the  arrangement  while  operating 
at  1000  rpm.  no  control  air  ^ ~ O.Ol.  and  back  pressure  such  that  the  I. in  operaleil  at  its 
point  o|  best  elficieiicy  Note  that  tults  attached  to  the  bellmoutli  and  along  the  cutwater 
all  sireimed  tow.ird  the  inside  o|  the  volute  tor  thi  most  p.irt  Ihose  atl.iched  to  the  wall, 
at  abo  It  the  same  pi. me  as  the  “cutwatei."  ,ilso  siie. lined  tow.ird  the  inside  ot  ihe  volute 
.All  ol  this  iiulic.ites  ,in  excessive  .imount  cd  reciicuhilion  within  the  volute  and  therein 
reiluci  I elliciencv.  even  ,il  wh.it  w.is  the  most  ellicient  oper.iting  point  ol  the  s\siem 

Another  l.ictor  which  contributed  to  the  low  ellicieiKV  w.is  Kevnolds  number  ellecis 
f igure  1 I shows  fan  perlorm.inee  d.it.i  .it  two  speeds  Ihe  m.iximum  etliciency  .ichieved  ,it 
I ‘'00  pm  was  about  (i2  percent  where.is  tlut  at  2.‘'00  rprn  was  on  the  order  ol  '0  percent 
Ihe  b It  vihr.ition  mentioneil  e.irlier  preventcnl  opei.ition  .it  highei  blowing  rates  th.m  shown 
lor  2*^00  rpm.  Ihe  trend  ol  these  figures  eni['h.isi/ed  th.it  some  pen.iltv  w.is  involved  m the 
restricoon  to  2200  i|irti  when  obl.iimng  the  lull  r.inge  ol  pei lot ni.ince  through  blowing  Ihe 
m.iximum  elficieiicy  ol  the  l.in  in  this  conligur.ilion  is  .it  le.ist  the  70  percent  observed  .it 
2‘'00  ipm 

As  determined  lor  I'lgiiies  u .md  I 1.  I.in  elliciency  iiicluiles  the  ettects  ot  the  c'om|>ressor 
power  reipured  lor  the  conirol  ,nr  However,  it  should  be  noted  lh.it  the  regions  ol  low 
elliciency  are  loi  Ihe  most  p.irl  out  ol  Ihe  r.inge  ol  interest  lot  SI  S opei.ilion 
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The  requirement  of  a nearly  constant  head  rise  throujih  the  lull  range  of  How  rate  limits  the 
area  of  interest  A meaningful  load  line  would  he  one  passing  through  the  design  point  at  a 
near-constant  head  rise,  as  shown  in  Figure  ‘fa.  The  shaded  symhols  in  the  efficiency  dat.i  of 
F-'igure  ‘fb  nulic.ite  the  corresponding  load  line  in  terms  ot  efficiency  The  operating  elficiency 
IS  seen  to  be  at  or  very  near  the  maximum  efficiency  for  that  particular  flcrw  rate  throughout 
the  range  of  operation 

A feature  of  the  ('('  fan  in  this  configuratiim  is  that  peak  elTiciency  is  maintained  over  a 
considerable  range  of  fiow  rate  and  through  moderate  levels  ot  blowing  This  suggests  that 
the  design  or  normal  operating  point  can  be  met  at  different  speed  and  blowing  rates  without 
sacrificing  efficiency,  I'he  asterisk  on  Figure  ‘>a  represents  a point  at  which  the  rei|uirement 
of  .^00  psf  i4.2  I’a  I and  2o0  cfs  (7.8  m’'sl  can  be  met  with  an  operating  speed  of  5100  rpm 
and  = 0005  The  load  line  through  this  point  shows  that  the  fan  is  capable  of  increasing 
its  fiow  rate  by  better  than  50  percent  of  normal  operating  capacity  and  of  maintaining  its 
head  rise  all  the  way  to  cutoff.  The  flagged  symbols  of  Figure  <)b  represent  the  corresponding 
efficiencies  and  indicate  there  is  little  penalty  for  ojierating  in  this  manner  Operating  along 
this  load  line,  rather  than  through  (he  original  design  point,  allow's  more  positive  contral  in 
that  the  fiow  of  control  air  can  be  reduced  when  attempting  to  reduce  fan  outflow.  Its  static 
characteristics  indicate  that  the  CC  fan  has  a sufficient  range  ot  operation  to  cope  with  the 
demands  imposed  by  high-speed  SES  operations  in  rough  seas 

Two  additional  points  need  to  be  made  regarding  the  data  ot  f'lgure  ‘hi.  It  has  been 
shown  that  the  compressor  power  required  to  maintain  blowing  lias  little  effect  on  elficiency 
within  the  range  of  interest  for  SES  operations.  Nevertliclesx.  u is  a|iparent  that  a considerable 
reduction  is  associated  with  the  higher  blowing  rates.  I his  is  consulered  partly  due  to  flow 
separation  within  the  impeller  and  enhancement  ot  the  separation  by  blowing.  A tufted  wand 
was  used  to  examine  the  flow  at  the  periphery  ot  the  rotating  impeller  It  was  noted  that 
when  the  tuft  was  brought  close  to  the  shrouil  or  inh’t  side  ol  the  impeller,  it  was  sucked  into 
the  impeller  I his  was  attributed  to  local  separation  ot  the  Mow  trom  the  shroud  as  it 
negotiated  the  turn  from  the  axial  direction  at  the  inlet  to  the  railial  direction  in  the  impeller. 

I he  Coanda  jet  ol  the  control  air.  at  the  outside  trailing  edge  ol  llie  blade,  was  discharging 
into  this  separated  region;  and  at  higher  blowing  rales,  that  caused  lurther  separation  in  this 
area,  and  reduced  the  efficiency.  Clhe  lower  solidity  conliguration  combined  with  a volute 
modification,  to  be  discussed  later,  eliminated  this  region  ol  How  separation.  I 

Another  point  ol  interest  is  the  limiting  effect  ol  increased  blowing  The  minimum 
cross-sectional  .irea  in  the  control  air  circuit  occurred  at  the  0 75-m. -diameter  throat  of  the 
venturi  meter.  There  was  a choked  fiow  condition  at  this  point  when  ,i  mass  fiow  rale  ol 
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about  0.25  Ib/sec  was  reached.  At  2200  rpm.  this  occurred  at  a blowing  coefficient  of 

= 0.05  Beyond  this  point,  shock  losses  occurred  within  the  system  and  the  increment  in 
performance  improvement  with  blowing  decreased.  At  the  highest  blowing  rate,  = 0.06 
corresponding  to  a control  air  mass  flow  of  0,31  Ib'sec.  sonic  conditions  were  reached  at  the 
trailing  edge  slots  and  performance  did  not  appear  to  be  enhanced  beyond  this  point 

The  trailing  edge  Coanda  surface  can  be  so  designed  that  a supersonic  iet  will  stay 
attached  and  not  shock  down  until  well  around  to  the  pressure  side  of  the  blade;  however, 
this  was  not  attempted  in  the  current  design.  Although  more  mass  flow  can  be  pushed 
through  the  system  after  sonic  flow  has  been  reached  at  the  trailing  edge  slots,  this  appears 
to  be  a limiting  point  for  increased  blade  circulation  m the  current  design 

Figure  1 2 shows  the  performance  range  for  no  blowing  and  maximum  blowing  in  terms 
of  actual  head  rise  and  flow  rate.  Note  that  in  the  region  ol  the  best  efficiency  point,  between 
90  to  140  cfs,  the  use  of  trailing  edge  blowing  more  than  doubled  the  head  rise. 

CC  FAN  WITH  MODIFIED  VOLUTE 

Since  the  first  phase  of  this  program  was  intended  merely  to  demonstrate  the  feasibility 
of  the  CC-centrifugal  fan  concept,  some  shortcuts  were  taken  in  assembling  the  demonstration 
model  Foremost  among  these  was  the  utilization  of  an  available  casing  for  the  CC  impeller 
This  casing,  or  volute,  was  oversized  for  the  impeller  and  although  head  flow  characteristics 
proved  sufficient,  the  associated  efficiency  reached  only  a moderate  level  (near  70  percent), 
as  shown  in  Figure  1 lb. 

The  significance  of  an  efficiently  operating  fan  prompted  ,i  imulific.ition  to  the  original 
volute  to  bnng  it  more  in  keeping  with  the  specific  speed  and  size  of  the  ('('  impeller  These 
modifications  consisted  simply  of  inserting  a plywood  panel  to  ilecrease  volute  volume  and 
mahogany  sections  to  reduce  the  exhaust  opening  arul  bnng  the  tongue  of  the  volute  closer 
to  the  impeller.  Additionally,  it  was  necessary  to  make  a new  bellmouth  for  the  volute 
exhaust.  The  original  bellmouth  and  volute  have  already  been  shown  in  F'igure  10.  Figure  13 
presents  various  aspects  of  the  modified  version. 

Figure  14  compares  fan  performance  at  2200  rpm  with  the  two  volutes.  Note  from 
Figure  14a  that  the  flow  rate,  proceeding  horizontally  from  the  design  point  represented  by 
the  starred  symbol,  can  be  increased  by  better  than  50  percent  of  that  attained  at  design,  as 
was  the  case  with  the  original  volute.  Figure  14  enables  a direct  comparison  of  the 
characteristics  of  the  two  configurations.  The  impeller  was  designed  to  deliver  design 
conditions  with  no  blowing  and  should  therefore  oper.ite  efficiently  lor  that  condition. 
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The  asterisk  indicates  the  design  points  to  be  attained  without  blowing.  With  the  modified 
volute,  the  fan  was  able  to  meet  this  point  whereas  the  original  volute  undershot  it.  Moreover, 
the  stall  was  more  gradual  with  the  modified  volute.  Both  of  these  conditions  are  indicative 
of  a more  efficient  mating  of  impeller  and  casing.  The  remaining  characteristics  of  Figure  14 
are  those  concerned  with  maximum  control  air  for  the  respective  configurations;  Figure  14b 
shows  the  efficiencies  associated  with  these  characteristics.  For  no-control  air.  fan  efficiency 
with  the  modified  volute  peaked  about  five  points  higher  (about  ’’2  percent)  and  this  peak 
efficiency  was  maintained  over  a somewhat  greater  range.  Differences  in  maximum  blowing 
rate  for  the  two  configurations  also  favored  the  modified  volute. 

The  data  discussed  to  this  point  were  all  obtained  at  2200  rpm  It  had  been  intended 
to  repeat  a number  of  these  runs  at  a higher  speed  in  order  to  determine  any  Reynolds 
number  effects.  That  was  not  possible,  however,  because  the  tellon  seal  between  the 
stationary  inlet  and  the  rotating  impeller  was  lost  near  the  end  of  the  first  run  at  2H00  rpm. 
The  single  run  completed  at  2H00  rpm  did  however  produce  some  significant  results  F igure 
1 .“i  shows  the  head-fiow  characteristic  and  the  associated  efficiency  lor  the  no  control  air  case 
(C^  = 0.0).  Ihe  head-fiow  behavior  was  much  the  same  as  that  achieved  at  2200  rpm.  but 
the  peak  efficiency  was  improved  about  4 percent  over  that  .ichieved  at  the  lower  speed  and 
was  about  X percent  higher  than  reached  with  the  original  volute. 

The  aforementioned  modifications  made  it  necessary  to  remove  the  entire  volute  in  order 
to  replace  the  seal,  rather  than  simply  removing  only  Ihe  inlet,  as  could  have  been  done  prior 
to  the  modification.  Because  of  the  time  entailed  in  .iccomplisliing  this,  it  w.is  considereil  to 
be  opportune  to  configure  a lower  solidity  impeller  (u  = ()(>''  r.ither  th.in  1 .iiul  half  as  many 
impeller  blades  at  this  lime). 

I he  low  solidity  configuration  was  subjected  to  Ihe  same  senes  ol  tests  Figure  lo 
indicates  the  performance  range  achieved.  Note  that  the  no-blowing  sase  tell  below  Ihe  design 
point  and.  as  would  be  expected,  did  not  develop  as  much  ol  .i  head  rise  .is  obtained  with  the 
higher  solidity  configuration.  Fhe  How  rale,  however,  was  slightly  greater  th.in  obtained  with 
higher  solidity  and  the  efficiency  reached  a level  of  "'ll  percent  However,  the  (b  e.p  ) shifted 
to  a higher  How  rale,  as  can  be  observed  by  noting  Ihe  Inc.ilion  ol  Ihe  design  point  (starred 
symbol)  Ihe  be  p for  the  high  solidity  (a  = 1,.D  impeller  occurred  .it  .ipproximately  that 
location. 

Ihe  range  in  How  rale  through  blowing  attained  lor  Ihe  lower  solidity  configuration 
is  much  more  suitable  for  SFS  reiiuirements.  It  can  be  increased  by  nearly  100  percent 
over  that  achieveil  at  the  design  condition  while  maml.iiiimg  the  reijiiired  head  rise.  Fhis 
IS  nearly  double  Ihe  range  that  was  possible  with  Ihe  higher  solidity  configuration. 
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The  penalty  for  increased  performance  through  blowing,  as  measured  in  terms  of  efficiency, 
was  less  for  this  low  solidity  case  than  for  the  original  high  solidity  version.  Figure  16b 
shows  that  the  efficiency  remained  above  70  percent  for  blowing  coefficients  up  to  = 0.03 
A desirable  mode  of  SES  operation  which  could  capitalize  on  this  condition  is  depicted  in 
Figure  16a;  the  asterisk  represents  a point  at  which  the  requirements  of  300  psf  and  260  cfs 
can  be  achieved  at  a flow  coefficient  of  = 0 02  and  5100  rpm  The  characteristic 
represented  by  this  blowing  coefficient  attained  a peak  efficiency  of  74  percent  just  two 
percentage  points  less  than  that  achieved  in  the  no-blowing  case  The  cross-hatched  area  of 
Figure  16a  represents  the  ±10  percent  of  the  nominal  operating  pressure  that  must  be 
maintained  in  order  to  achieve  the  0 1-g  limit  in  heave  acceleration  required  as  a habitability 
constraint  The  flow  rate  can  be  double  that  required  at  the  nominal  operating  point  and 
still  remain  within  the  cross-hatched  acceptable  pressure  range  Operating  from  this  point 
allows,  at  least  theoretically,  the  possibility  of  going  to  zero  flow  through  the  fan  while 
remaining  within  the  prescribed  pressure  limits.  (Dynamic  evaluation  of  the  fan  is  required 
to  establish  its  behavior  in  this  region.) 

Figure  1 7 indicates  the  performance  characteristics  for  the  low  solidity  configuration  at 
higher  speed  (2800  rpm)  and  no  control  air.  As  was  noted  with  the  high  solidity  impeller,  a 
Reynolds  number  effect  was  present.  The  peak  efficiency  of  83  percent  is  the  measured 
value  with  no  corrections  to  account  for  losses  in  the  belt  drive.  (The  torque  meter  is  located 
on  the  same  shaft  as  the  drive  motor.  Control  air  passage  required  in  the  fan  shaft  precluded 
locating  the  torijue  meter  where  belt  losses  could  be  bypassed  ) The  power  required  for  the 
low  solidity  configuration  is  indicated  in  F-igure  18. 

FEASIBILITY  OF  THE  CONCEPT  FOR  A 
LARGE  SCALE  OPEN  OCEAN  CAPABLE  SES 

The  head^llow  characteristics  of  a C(  tan  for  a large  scale  Sl-.S  can  be  determined  from 
results  of  the  present  model  tests;  the  lower  solidity  to  = 0.65)  configuration  is  considered 
more  promising  for  this  application  I he  peak  efficiency  of  S.1  percent,  as  me.tsured  .it 
2800  rpm.  and  C^  = 0.0.  can  conservatively  be  projected  to  X‘'  percent  tor  the  full-'^cale 
version  on  the  basis  of  test  observations.  F'lgure  l‘>  indicates  that  ttie  peak  etticiency  winild 
be  expected  to  occur  at  some  moderate  level  of  control  air  blowing  rather  than  with  no 
control  air.  (The  loss  associated  with  the  belt  drive  was  included  in  the  measured  value  ot  83 
percent.)  This  observation,  coupled  with  the  usual  expecletl  improvements  resulting  from 
Reynolds  number  effects  in  going  to  full  scale,  suggest  that  85  percent  is  a moderate 
projection  of  efficiency  for  the  full-scale  ('('  fan. 
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CONCLUSIONS 

The  static  evaluation  of  a circulation  control  centrifugal  fan  has  demonstrated  the  unique 
capability  of  this  concept  in  meeting  the  heave  alleviation  needs  ol  a large  open  ocean  capable 
SES.  A low  solidity  (o  = 0.65)  seven  bladed,  two  foot  diameter,  impeller  model  demonstrated 
the  ability  to  increase  its  tlow  rate  by  100  percent  over  that  achieved  at  the  design  point,  while 
maintaining  head  rise  and  RPM,  by  increasing  the  flow  ol  control  air  The  peak  efficiency  of 
this  configuration  was  83  percent  with  a drop  to  65  percent  when  utili/mg  maximum  control 
air.  The  most  likely  operating  mode  when  used  in  a heave  alleviation  system  is  shown  to 
deliver  the  highest  efficiency  attainable  for  the  flow  rate  required. 

A high  solidity  (o  = 1.3)  version  of  the  fan  demonstrated  the  ability  to  increase  its  flow 
rate  by  50  percent  over  that  achieved  at  the  design  point,  while  maintaining  head  rise  and 
RPM.  through  the  increased  flow  of  control  air.  I he  peak  elliciency  of  this  configuration 
was  78  percent. 


10 


TANGENTIAL  BLOWING 


Figure  1 - Typical  High  Lift  Capability  of  Circulation  Control  Airfoil 


FAN  INFLOW 
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Figure  2 — Circulation  Control  Fan  Concept 
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Figure  - SES  Habitability  Limits  without  Heave  Attenuation 
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Figure  4 — Preliminary  Design  for  Circulation  Control  Centrifugal  Flow  Fan 
(Tentative  ( Wislicensus)  design  of  radial-flow  blower  with  circulation  control:  full  scale  for  260  cps.  4000  fl 
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Figure  5b  - For  (he  Modified  CC  Blade  Section 


Figure  5 — Theoretically  Determined  Velocity  Distribution 
for  the  Circulation  Control  Fan 
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CC  FAN  BLADE  SECTION 


ORIG.  BLADE  SECTION 

MOD  BLADE  SECTION 


L.E.  SUCTION 


Figure  6 - Original  and  Modified  C'C  Fan  Blade  Sections 
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ORIFICE  DISCHARGE  — WIND  TUNNEL 

BUTTERFLY  173  KNOT  MAX.  VELOCITY 

VALVE 


FixiifP  X — Basic  F-eatures  of  the  DTNSRIK'  Fan  Test  Facility 
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Figure  9a  — Head 'F  low  C liaraclrricticv 


Figure  9h  - Fan  Ffficiencv 


Figure  9 — Perlorm.incc  Dala  lor  t ( Fan  at  2200  RPM 
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I ijtiiri-  10  — Kociniilalion  within  llu-  Original  Vdliiti* 
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Figure  II  (Continued) 
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Figure  I lb  - Head/Flow  CharacteriMicii  at  2500  RPM 
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l-'igiirc  l.<  — Modifieti  Version  of  the  Voliile 


Figure  1.^  — Reduced  ExhaasI  Opening  and  Bellmiiulh 
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I i"ur<.‘  I ((  imlimied  ( 


Figure  I. lb  - Reduced  Internal  Volume 


Figure  l.)c  - Matching  Hellmouth 
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Figure  14  - Comparison  of  CC  Fan  Performance  with 
the  Original  and  the  Modified  Volute  at  2200  RPM 


01  02  03  04 


Figure  17a  - Head/Flow  Characteristics 
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Figure  17b  - Fan  Efficiency 

Figure  17  — Improved  Performance  of  CT  Fan  with  Lower 
Solidity  and  Modified  Volute  at  2KO0  RPM 
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